The absorption spectrum of NH / 2 has been recorded continuously between 3500 and 2900 cm 01 with a difference frequency laser spectrometer along with the velocity modulation technique. The molecular ions were produced in the positive column of an ac glow discharge with a gas mixture of N 2 /H 2 /He in a ratio of around 1/1/100 with a total pressure of Ç7 Torr. In view of the very low barrier to linearity (155 cm 01 ) and the high bending vibrational states involved, the observed spectrum was analyzed using the Hamiltonian for linear molecules. The choice of this model is discussed in relation to the previous experimental results and ab initio calculations. Four hot bands have been assigned: 2n 0 2 / n 3 R 2n 0 2 , n 1 / n 3 R n 1 , n 1 / n 2 / n 3 R n 1 / n 2 , and 2n 1 / n 3 R 2n 1 . The matrix elements of the Hamiltonian used for the analysis of the rotational fine structure of the excited degenerate bending vibrational states of a linear molecule in a triplet electronic state are presented. The resultant rotational and vibrational constants are discussed. ᭧
I. INTRODUCTION
linearity as low as 155 cm 01 . Clearly the barrier is below the zero-point energy level of the n 2 bending vibration, and The amidogen ion, NH 1550, and 3100 K for the n 1 , n 2 , and n 3 vibrations, respeccm 01 . Herzberg observed spectra in the region 2200-2400 tively. We also assigned the n 2 / n 3 R n 2 hot band of Å , which he ''considered as strong candidates for NH / 3 and NH / 3 (22) in the same spectral range. NH / 2 '' (19), but their identification is yet to be confirmed.
In this paper, we report our observation and analysis of Gibson et al. (20) studied the photoionization of NH , n 1 / n 3 R n 1 , n 1 / determined the separation between the triplet and the singlet n 2 / n 3 R n 1 / n 2 , and 2n 1 / n 3 R 2n 1 . These data, as well state of NH / 2 to be 1.30 { 0.01 eV, considerably higher than as our earlier results by Okumura et al. (13) , are analyzed. that given by Dunlavey et al. (18) . The ionization potentials For the extreme quasilinearity mentioned above, we use roviof NH / 2 were also revised. Subsequent ab initio studies have brational quantum numbers for a linear molecule instead of given theoretical values that agree with those experimental the asymmetric rotor quantum numbers of Ref. (13) . Thus, values. Reference (8) gives n 2 Å 845 cm 01 and Ref. (7) the K a Å 0 series and K a Å 1 series of the fundamental band gives the singlet-triplet splitting as 1.299 eV.
in Ref. (13) are the n 3 R 0 fundamental band and the n 1 2 / So far, the only direct spectroscopic study of NH / 2 has n 3 R n 1 2 hot band, respectively, in the present nomenclature been our observation of the high-resolution infrared spec-(23). The spin-spin and the spin-rotation matrix elements trum of the n 3 fundamental band corresponding to the antiin this nomenclature are derived based on the classic paper symmetric N-H stretching vibration (13) . Fifty-three roviby Van Vleck (24) and used in this analysis. brational transitions with triplet structure were assigned, and accurate rotation-vibration constants and magnetic fine structure constants were determined. More recently, we have
II. EXPERIMENTAL DETAILS
conducted further spectroscopy of positive column discharges using N 2 /H 2 /He gas mixtures and have obtained exSpectra were recorded during our general study of a N 2 /H 2 /He glow discharge (21, 22) . The details of the experitremely rich spectra of N x H / y molecular ions. We have asCopyright ᭧ 1996 by Academic Press, Inc. (21) and NH / 3 (22) spectra were also observed including We used a difference frequency laser spectrometer as-their hot bands. We believe that these observations were sembled by Crofton et al. (25) following the original de-possible for two reasons. First, the chemistry used prosign of Pine (26) . The counterpropagating multiple beam duced abundant molecular ions in excited vibrational technique due to Bawendi et al. (27) for the noise subtrac-states, and second, high sensitivity may be reached with tion, and the velocity modulation method introduced by our system. Gudeman et al. (28) 2 , £ 3 ). In this notation, £ 1 , £ 2 , and £ 3 denote the numbers of vibrational quanta in the n 1 vibrational mode (N-H symmet-3075 and 2900 cm 01 , we used a water-cooled glass discharge cell with a gas mixture of 40 mTorr N 2 , 40 mTorr ric stretching), the n 2 vibrational mode (H-N-H bending), and the n 3 vibrational mode (N-H antisymmetric stretching), H 2 , and 7 Torr He. For the spectra obtained between 3225 and 3075 cm 01 , we used a liquid-nitrogen-cooled glass respectively, and ᐉ 2 is the quantum number associated with the vibrational angular momentum corresponding to the doudischarge cell with a gas mixture of 60 mTorr N 2 , 60 mTorr H 2 , and 7 Torr He. bly degenerate n 2 vibration. Note that the definition of n 2 differs between the linear model adopted in this paper and An example of the observed spectrum is shown in not easy to recognize. In fact, the line splitting can be as large as 0.7 cm 01 for low N values. Another indication we used during the spectral assignment is the intensity alternation of 3:1. According to the Pauli principle and the 3 S 0 g ( 3 B 1 ) symmetry of the ground electronic state, the stronger lines correspond to transitions starting from even NЉ levels for ᐉ Å 0 and even NЉ e sublevels and odd NЉ f sublevels for ᐉ Å 1. One recovers, of course, the rules observed with an asymmetric-top labeling (13) , when the relations [1] are used. diagram (23) indicates that if the bending potential is harmonic, the n 2 value in the linear model is half of that of the bent model. Because of the highly anharmonic nature of the potential, however, the ab initio calculation of Jensen et al. (7) gave 313 cm 01 for the former and 922 cm 01 for the latter. During the observation of the n 3 fundamental band by Okumura et al. (13) , NH / 2 was considered as an asymmetrictop system. It is therefore of interest to establish the correspondence between the quantum numbers labeling the rotational levels of NH / 2 as an asymmetric top (N, K a , K c ) and those used for linear notation (N, ᐉ 2 , e, f). To this end, one must take into account the symmetry behavior of the two sets of wavefunctions associated with these quantum numbers when the parity operation is applied (31, 32). For a vibronic state with (0) parity which applies to NH / 2 , the following equivalences are obtained:
The e and f correspondence is the opposite for a vibronic state with (/) parity. Because NH / 2 in its ground electronic state has two unpaired electrons, with a total electron spin S Å 1, each rota- N 0 1) . During the present work, the (a), n 1 / n 3 R n 1 (b), 2n 1 / n 3 R 2n 1 (c), 2n 2 / n 3 R 2n 2 (d)). Parts (e) major observed transitions are the allowed ones F 1 R F 1 , and (f) are the F 2 R F 2 , F 3 R F 3 , and F 1 R F 1 components of the P e (4) F 2 R F 2 , and F 3 R F 3 , leading to the appearance of a triplet lines of the observed bands with ᐉ 2 Å 01 (n 2 / n 3 R n 2 (e) and n 1 / n 2 line structure, as shown in Fig. 2 . These structures represent / n 3 R n 1 / n 2 (f)). In both cases the rotational fine structure spreads over 0.1 cm
01
. a fingerprint for the assignment although sometimes it was The presence in the spectra of a large number of absorption due to the electronic spin of NH Fig. 3 . The vibrational assignment of these bands electron spin S to the rotational angular momentum N for a was straightforward. First, it was observed that the rotational linear triatomic system in an excited degenerate bending fine structure was characteristic for a given ᐉ 2 value, as vibrational mode. To this end, we have used the Hamiltonian illustrated in Fig. 4 for ᐉ 2 Å 0 and ᐉ 2 Å 1. This gave us a of Ref. (13) , which is based on the original work of Van good indication for the n 2 assignment. Second, the calculated Vleck (24) , and the correlation relations between asymmetvibrational and rotational anharmonicity corrections, dis-ric-top and linear molecule parameters presented in the same cussed in Section IV, take the typical values of a light tri-reference. atomic molecule. Finally, we noticed that the transition The Hamiltonian matrix elements for NH / 2 are given by scheme observed for NH / 2 , and given in Fig. 3 , is analogous straightforward calculations, and the results for £ 2 Å 0, 1, 2 to a part of the observed case of the HN / 2 ion produced in are given in Tables 1a, 1b , and 1c, respectively. Since the the same discharge (21), if the comparison is restricted to corresponding Hamiltonian matrices are symmetric, only the the lowest excited vibrational levels.
upper triangle elements are shown in these tables. In these tables, E £ , B £ , D £ , and q are the vibrational term value,
IV. ANALYSIS
the rotational constant, the centrifugal distortion constant, and the ᐉ-type doubling constant, respectively. If higher-order anharTo describe the ᐉ-type doubling effect characterizing the degeneracy of the n 2 vibration on one hand, and the splitting monicity corrections are neglected, we have The parameters a, b and a, a 0 , b appearing in Tables E
2 ͪ 1a-1c are the spin-spin and the spin-rotation constants, respectively. When it was possible, a block-diagonalization of the Ham- [2] iltonian matrices was performed by using Wang-type basis functions. Consequently, the levels were characterized by an e or f label, defined in such a way that the ᐉ-type doubling parameter q is positive (33).
A least-squares fit of the new observed transitions as well as those assigned by Okumura et al. (13) was carried out. The resulting molecular parameters are listed in Table 2 B [3] and are discussed in the next section. During the fitting procedures, combination differences were used but they are not given in Table 3 , where the rovibrational transitions are q Å q e / q N N(N / 1), [4] sorted by descending frequencies. ͪ .
[5] rors after the least-squares fits of the observed bands are gives the equilibrium bond length r e Å 1.021 Å which compares with theoretical values of r e Å 1.0338 Å (7) and r e Å 1.030 Å (8, 14) . This discrepancy, which is clearly larger than the uncertainties both for experimental and theoretical values, probably resulted from our simplistic model of the linear molecule which ignores the quasilinear nature of NH / 2 . By using the qЉ e parameter given in Table 2 , and the B e constant listed in Table 4 Barclay et al. (8) . While the value is probably not accurate because it is based on the simple vibration-rotation theory using perturbation treatment, it is reasonable in view of our use of the linear molecule formalism as opposed to their asymmetric rotor model.
It is important to underline that the variational rovibrational calculations of Ref. (14) , considering NH 0 band is a conse-reported. For its extreme quasilinearity, we used rovibraquence of the ᐉ-type resonance which was not properly taken tional quantum numbers for a linear molecule instead of the into account.
asymmetric rotor quantum numbers. The matrix elements of The characterization of the rotational structure of the an appropriate Hamiltonian model describing the rotational ground, the n 1 , the n 2 , and the n 3 vibrational states allowed fine structure of the degenerate bending vibrational levels us to determine the equilibrium rotational constant, B e , as were derived and presented. The obtained vibrational and well as the a t (t Å 1, 2, 3) parameters. These parameters, rotational molecular constants were given and discussed. The presented in Table 4 , were determined from Eq. [3] after we value of the ᐉ-type doubling constant was used to estimate the n 2 bending vibration frequency to be around 439 cm 01 . used the rotational constants of the given vibrational states,
